We describe the application of enzyme-linked immunomagnetic electrochemistry (ELIME) for the rapid detection of Escherichia coli O157:H7 in buffered apple juice. The ELIME technique entails sandwiching bacterial analyte between antibody-coated magnetic beads and an alkaline phosphatase-conjugated antibody. The beads (with or without bound bacteria) were localized onto the surface of magnetized graphite ink electrodes in a multiwell plate format. The enzyme substrate, 1-naphthyl phosphate, was added, and conversion of substrate to an electroactive product was measured using electrochemical detection. With this technique, detection of whole, live E. coli O157:H7 bacterial cells was achieved with a minimum detectable level of ca. 5 ϫ 10 3 cells per ml in Tris-buffered saline or buffered apple juice in an assay time of ca. 80 min. With adjustment of pH, the ELIME response for the bacteria in either sampling medium was similar, indicating that apple juice components did not contribute to any discernible sample matrix effects.
Rapid bacterial detection methods have been developed as alternatives to lengthy and laborious, yet selective and highly sensitive conventional culture techniques (7, 8, 11) . Some of these methods have employed the selectivity of immunoassays and both the rapidity and sensitivity of electrochemistry for the detection of molecular analytes or bacteria (4, 5, 10, 12) . In addition, several methods have combined the selectivity and potentially high surface area-mediated capture capability of immunomagnetic beads (IMB) with electrochemistry for the detection of molecular analytes or bacteria (9, 13, 16, 17) .
In this study, we have applied enzyme-linked immunomagnetic electrochemistry (ELIME) to the rapid detection of whole Escherichia coli O157:H7 cells in either buffer or apple juice. Apple juice has been selected as a target sample matrix due to the past association of the pathogenic bacteria, E. coli O157:H7, with outbreaks of food poisoning and hemolytic uremic syndrome linked to the commodity (1) (2) (3) . The ELIME methodology involved sandwiching of E. coli O157:H7 cells between IMB and alkaline phosphatase-conjugated antibody. The IMB (with or without bound bacteria) were localized onto graphite ink strip electrodes with the aid of permanent magnets. Enzyme substrate (1-naphthyl phosphate) then was added, and conversion to an electroactive product was quantified using Osteryoung square wave voltammetry.
MATERIALS AND METHODS
Materials. Materials used in this research included alkaline phosphatase-conjugated goat anti-E. coli O157:H7 (anti-E. coli O157:H7 conjugate, Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.), E. coli O157:H7 B1409 (Centers for Disease Control and Prevention, Atlanta, Ga.), goat anti-E. coli O157 M-280 IMB, magnetic particle concentrator (Dynal Inc., Lake Success, N.Y.), graphite ink silk screen printed on Mylar (1-cm wide graphite ink strips separated by 3 mm on Mylar sheets measuring 31 by 38 cm, The Motson Co., Inc., Flourtown, Pa.), Alnico magnets (cylindrical 4.8-mm diameter by 25.4 mm, Edmund Scientific Co., Barrington, N.J.), 1-naphthyl phosphate (1-NP; disodium salt, 98%) and platinum wire (0.25-mm diameter, 99.99%, Aldrich, Milwaukee, Wis.), 1% Blocker casein (Pierce, Rockford, Ill.), brain heart infusion (Difco, Becton Dickinson, Sparks, Md.), and double coated plastic Tuck Carpet Installation Tape (Tesa Tape Inc., Charlotte, N.C.). Other chemicals used were of reagent grade. Pasteurized apple juice (''100% juice reconstituted from concentrate'') that contained no added preservatives or sweeteners was purchased from a local vendor.
Apparatus. All reactions with shaking were performed on a Vortex-Genie 2 (Scientific Industries, Bohemia, N.Y.). Bacteria samples were counted on a Petroff-Hausser bacteria counting chamber (Thomas Scientific, Swedesboro, N.J.). Electrochemistry of samples was performed in a custom-built multiwell electrode/ magnet assembly that was constructed of polymethyl methacrylate blocks, Alnico magnets, double-sided tape, and graphite ink strip electrodes as previously described (9) . All electrochemical measurements were obtained with a BAS CV-50W electrochemical analyzer (Bioanalytical Systems, Inc., West Lafayette, Ind.) with accompanying BAS 50W software (version 2.0). An Ag/AgCl reference electrode (0.6 cm by approximately 7 cm, Vycor tipped, Bioanalytical Systems, Inc.), wrapped with a platinum wire that
FIGURE 1. Schematic representation of the enzyme-linked immunomagnetic electrochemical (ELIME) assay. Multi-ply immunogenic analyte (bacteria, for example) is sandwiched between antibody-coated magnetic beads (IMB) and enzyme-labeled antibody conjugate (reporter antibody). IMB (with or without bound bacteria) are magnetically trapped onto the electrode surface and exposed to substrate, and electroactive product is electrochemically detected. E, enzyme; S, substrate; P, product; and P
served as a counter electrode, was inserted into the tested solutions during electrochemical measurements.
Growth and enumeration of E. coli O157:H7. A loopful of E. coli O157:H7 cells collected from a slant was inoculated into 25 ml of brain heart infusion broth and incubated at 37ЊC for 18 h. A portion of the cells was serially diluted in Tris-buffered saline (TBS; 25 mM Tris, 150 mM NaCl, pH 7.6) to 1:10 and 1: 100 dilutions. Bacteria in an aliquot (6 l) of the 1:100 dilution were enumerated using only the center grid (0.2 by 0.2 mm) of a Petroff-Hausser counting chamber. Enumeration was repeated three times using additional 6 l aliquots of the 1:100 dilution, and a mean (Ϯ standard deviation) was determined for the four obtained values. The 1:100 dilution was used for further serial dilution in the preparation of samples for the generation of calibration curves. The subsequent error (standard deviation) in the determined bacteria concentration (mean value for the 1:100 dilution) was propagated taking into account an estimated error of 5% for volumetric measurements.
Purification of 1-NP.
To reduce electrochemical background response associated with oxidation of 1-napthol possibly present in 1-NP, the 1-NP was purified using the following procedure: 50 mg of 1-NP (gray crystals) was placed into a glass tube and dissolved in 0.5 ml of methanol (high-performance liquid chromatography grade); 50 mg of charcoal was added along with an additional 0.5 ml of methanol; the mixture was warmed to approximately 37ЊC for 10 min followed by gravity filtration through filter paper (qualitative 2; Whatman Limited, England) into a glass vial; 2 ml of warmed methanol was used to rinse the test tube and filter paper; nitrogen gas was passed over the filtrate until the solvent was evaporated, and the walls of the vial were scraped with a metal spatula to retain the white 1-NP powder that was stored at Ϫ20ЊC until used. ELIME detection of bacteria. E. coli O157:H7 bacteria contained in a 1:100 dilution (in TBS) of stock were further serially diluted in either TBS or unbuffered apple juice. Where indicated, the pH of the apple juice samples was then adjusted to 7.6 using 1 M Tris (76 l per ml of apple juice). With reaction volumes suggested by Dynal Inc., 20 l of IMB were placed in 1.5-ml polypropylene microcentrifuge tubes, 1 ml of bacteria (in either TBS or apple juice) was added, and the mixture was incubated by shaking (minimal agitation sufficient to prevent settling of the IMB) for 30 min. The tubes were placed into the magnetic particle concentrator for 3 min in order to trap the IMB (a portion containing bound bacteria when present) against the walls of the tubes, and the liquid was removed by aspiration. (During IMB concentration, the particle concentrator was gently inverted several times to retain any IMB located in the cap of the tubes and to focus the IMB into a single spot.) The IMB were resuspended by gentle vortexing with 1 ml of anti-E. coli O157: H7 (diluted 1:500 in 1% Blocker casein) for 30 min. The IMB again were separated using the magnetic particle concentrator for 3 min, and the liquid was removed. The IMB then were washed and resuspended twice with 1 ml of TBS followed by magnetic separation for 3 min in the magnetic particle concentrator and removal of the liquid after each wash. Finally, the IMB were resuspended with 0.2 ml of TBS.
For electrochemical analysis, 200 l of IMB (with or without bound bacteria) were added to the solution holding block of a multiwell electrode/magnet. The beads were magnetically trapped against the electrodes for 2 min, and the liquid was removed by aspiration. With the magnetic field applied, 200 l of 1-NP (2.7 mM in 0.2 M Tris, pH 9.6) was added to the well and allowed to react for 3 min. Production of electroactive 1-napthol was measured using Osteryoung square wave voltammetry (50 to 500 mV, 25 mV sweep width amplitude, 5 Hz frequency, 4 mV step potential, 10 Ϫ5 A/V sensitivity) and the peak current was determined by drawing a tangent line across the base of the peak using the BAS 50W software. The electrochemical detection of immunomagnetically captured bacteria is schematically represented in Figure 1 .
RESULTS AND DISCUSSION
The ELIME procedure entails the capture of multiantigenic analyte (e.g., bacteria) by IMB, labeling with enzyme (e.g., alkaline phosphatase)-conjugated antibody in a sandwich immunoassay format, magnetic concentration of the sandwiched bacteria at an electrode, and subsequent electrochemical analysis after a brief reaction with an electroactive enzyme substrate (Fig. 1) . In a preliminary experiment, ELIME was used for the detection of live E. coli O157:H7 inoculated into untreated apple juice as compared to buffer (TBS). The results, portrayed as the mean (Ϯ standard deviation) electrochemical response (current) of triplicate measurements for one experiment, are displayed in Table 1 . The presence of weak acids (ascorbic, citric, malic) in the apple juice accounted for an initial pH of approximately 3.6 for the juice. The dramatically reduced (approximately 60% lower) ELIME response observed for bacteria inoculated into untreated apple juice relative to TBS was presumed to be due to relatively poor recovery of the bacteria by the IMB, hence, pH inhibition of immunological reaction.
Results dictated that the pH of apple juice samples should be adjusted to that of the TBS (pH 7.6) prior to reaction with IMB. Based upon the titration of apple juice with standardized NaOH, at least 58 meq of base would have to be added to neutralize the weak acids contained therein, and a relatively small, additional amount of base would be required to further raise the pH to 7.6. Tris base solely was employed to maintain the same base system as used in the comparative TBS and since the resultant ionic strength would be similarly sufficient in prevention of potential bacterial cell lysis by osmotic pressure. Interpolation of the titration results (data not shown) indicated that 76 l of 1 M Tris was required to adjust 1 ml of apple juice to pH 7.6.
Further experiments were performed to compare ELI-ME calibration curves for live E. coli O157:H7 in buffer (TBS) versus buffered apple juice. The experimental results, representing the ELIME detection of whole, live E. coli O157:H7 cells in TBS or Tris-buffered apple juice is displayed in Figure 2 . Figure 2 displays the electrochemical response versus the number of E. coli O157:H7 bacteria per milliliter tested. ELIME detection of the bacteria exhibited very similar responses (sensitivity and slopes) for either of the sample matrices. The error displayed for the electrochemical response (current) was the standard deviation from the mean for measurements in triplicate for one experiment, whereas the error in the bacteria concentrations was derived from combining the error associated with enumeration of the initially diluted bacteria solution with estimated volumetric errors of 5% propagated over the range of serial dilutions.
The total assay time, based on a single sample, was approximately 80 min for ELIME. However, since the samples are concurrently reacted in a multiwell format, only approximately 5 min is required for the analysis of additional samples. Conservatively estimating the limit of detection to be 10 times the standard deviation of the blank response added to the blank response, substitution in the respective regression lines yielded limits of detection for E. coli O157:H7 to have been 3,300 cells per ml (in TBS) and 1,500 cells per ml (in buffered apple juice). The performance of ELIME for the detection of E. coli O157:H7 in apple juice favorably compares with other reported methods: 1,000 to 2,000 cells per ml in Ͻ1 h (17) and approximately 10 3 to 10 4 cells per ml in Ͻ1 h (15) . However, a risk assessment study (6) of the prevalence of the pathogen in apple cider indicates very low levels of potential contamination (i.e., 3 to 9 CFU/1,000 apples). Hence, as has been shown in past reports (14, 18) , enrichment culture must be employed prior to detection with select biosensors and biosensor-based methods (including ELIME in its current state of development) in order to achieve superior detection limits of ca. 2 to 10 CFU/ml or less.
